on behalf of the GÉ NIC Investigators* Background and Purpose-Nitric oxide (NO) synthesized by endothelial constitutive NO synthase (ecNOS) plays a key role in vascular regulation and atherosclerosis. Little is known concerning the role of the ecNOS gene (NOS3) as a risk factor for brain infarction (BI). Our aim was to investigate the relation between the Glu298Asp polymorphism in exon 7 of NOS3 with BI and its subtypes. Methods-Patients (nϭ460; cases) with BI were consecutively recruited and classified into etiological subtypes. Control subjects (nϭ460; controls) without a history of stroke were recruited among individuals hospitalized at the same institutions and individually matched on age, sex, and center. Genotypes of the polymorphism were determined by polymerase chain reaction. Results-The distribution of genotypes was significantly different between cases and controls (Pϭ0.008); the GG genotype was more frequent in cases (46.1%) than in controls (35.4%; OR, 1.56; 95% CI, 1.19 to 2.04). Among subtypes, the frequency of the GG genotype was significantly higher in cases than in controls in the lacunar subtype (OR, 2.00; 95% CI, 1.05 to 3.80); in this group, the relation between BI and LDL level was stronger among carriers of the GG genotype than among noncarriers (P for interaction, 0.05). Conclusions-Homozygosity for the G allele of the Glu298Asp polymorphism in NOS3 was associated with BI, and especially with lacunar stroke. Our findings suggest that genetic susceptibility and LDL cholesterol have a synergistic relation. Although these findings should be replicated in a larger sample of subjects and the functionality of the Glu298Asp polymorphism has not been established, these results may help us to understand the cause of the arteriolopathy underlying lacunae and have future implications in their treatment and prevention. (Stroke.
N itric oxide (NO) synthesized from L-arginine by endothelial constitutive NO synthase (ecNOS) is permanently released from arterial and arteriolar endothelium. NO plays a key role in the relaxation of vascular smooth muscle cells (VSMCs); it reduces VSMC proliferation, adhesion of platelets and leukocytes, endothelial permeability, and extracellular matrix collagen synthesis. [1] [2] [3] Conversely, an excess of NO may be harmful because of its oxidative role. 4 In animal models, ecNOS inhibition accelerates atherosclerosis, 5 whereas its administration prevents it. 6 In humans with atherosclerosis, abnormalities in the endothelial NO pathway have been shown. 7 There is also evidence that disturbances in the NO pathway in myocardial infarction and coronary spasm not only may be the consequence of endothelial dysfunction due to cardiovascular risk factors but also may have a genetic basis. 8 -12 A genetic contribution of ecNOS to plasma NO metabolite levels has been demonstrated. 13, 14 Several polymorphisms have been identified in the ecNOS gene (NOS3), among which is a polymorphism located in exon 7 (G894T) that modifies its coding sequence (Glu298Asp). 11 There is growing evidence that genetic factors may increase the risk of brain infarction (BI). 15 Our aim was to investigate the association between BI and the Glu298Asp polymorphism in NOS3 in patients with BI and matched controls. Because lacunae are associated with alterations of the arteriolar wall characterized by hypertrophy of VSMCs and lipid deposits, we were particularly interested in investigating the relation between the ecNOS gene and lacunae.
Subjects and Methods

Cases
Case patients (cases) were recruited consecutively among all patients admitted to 12 French neurological centers if they fulfilled the following criteria: (1) clinical symptoms suggestive of stroke, (2) no brain hemorrhage on CT scan, (3) infarct proven by MRI, (4) 18 to 85 years old, and (5) both parents of Caucasian origin. Cases were included in the week-interval after the event. Patients reporting a previous cardiovascular or cerebrovascular history were eligible.
Controls
Control subjects (controls) without a history of stroke were recruited among individuals hospitalized at the same institutions for any reason other than neurological diseases; these consisted of orthopedic (46%), ophthalmological (12%), rheumatological (11%), surgical (6%), and other (25%) causes. One control was matched by sex, age (Ϯ5 years), and center to each case. Subjects reporting a positive cardiovascular history other than stroke were eligible. Their parents had to be of Caucasian origin.
Data Collection and Risk Factor Definition
Information on demographic characteristics and risk factors was collected by use of a structured questionnaire. Hypertension was defined as a history of treated hypertension. Smoking history was coded as never, ex, and current smoker. Subjects were classified as diabetic when they were being treated for insulin-dependent or non-insulin-dependent diabetes. Use of lipid-lowering drugs was assessed. History of myocardial infarction, angioplasty, coronary artery bypass surgery, or lowerlimb arterial disease was recorded; a positive cardiovascular history was defined as the presence of any of these diseases. A history of stroke or transient ischemic attacks was obtained in cases.
Investigations
ECGs and extracranial duplex and transcranial Doppler echocardiographies were performed on all cases and controls. The presence of plaques, arterial stenoses, and occlusions was assessed. Twodimensional echocardiography results were available for 464 patients (91%), and transesophageal echocardiography was performed in 358 (77%). Radiographs or magnetic resonance cerebral angiograms were performed on 208 patients (41%). Blood was drawn in the morning from fasting subjects for DNA extraction and lipid profile determination in one centralized laboratory. LDL cholesterol level was calculated by the Friedewald formula.
BI Subtype Classification
Patients were classified into etiological subtypes by 2 neurologists (P.A., F. Chédru) according to prespecified criteria after review of clinical files, discharge summaries, follow-up visit reports, and results of investigations.
"Atherothrombotic stroke" was defined by (1) an ipsilateral internal carotid stenosis Ն30%, (2) an ipsilateral stenosis Ն50% of another intracranial/extracranial artery, or (3) plaques Ͼ4 mm in the aortic arch with a mobile component.
"Cardioembolic stroke" was defined when a cardiac source was recognized: myocardial infarction within the previous 3 weeks, atrial fibrillation, mitral stenosis, cardiac thrombus, valvular vegetations, atrial myxoma, prosthetic mitral or aortic valve, left ventricular aneurysm, or dilated cardiomyopathy.
"Lacunar stroke" was defined by a small, deep infarct measuring Ͻ15 mm (by MRI) in a patient presenting with a clinical syndrome compatible with the diagnosis of lacunae without any finding in favor of an atherothrombotic or cardioembolic stroke.
"Arterial dissection" was diagnosed in patients with typical clinical-angiographic patterns of carotid or vertebral artery dissection.
"Other etiologies" were rare causes, such as polycythemia vera, cerebral arteritis, or thrombocythemia. "Undetermined cause" was when Ն2 etiologies as defined above coexisted in the same individual. "Unknown cause" was when no etiology was identified. Patients with an isolated elevation of antiphospholipid antibodies, patent foramen ovale, atrial septal aneurysm, valvular strands, mitral valve prolapse, or mitral annulus calcifications belonged to this group.
Glu298Asp Polymorphism in the ecNOS Gene
The missense Glu298Asp variant results from a G3 T substitution, which leads to the replacement of glutamic acid by aspartic acid at position 298. The genotyping protocol is available on the Internet site http://genecanvas.idf.inserm.fr/.
Data Analysis
Allelic frequencies were calculated by gene counting. HardyWeinberg equilibrium was tested with the 2 statistic. To compare the overall distribution of the genotypes of the polymorphism between cases and controls, we used the Ϫ2 log-likelihood statistic of a conditional logistic regression model. 16, 17 Odds ratios (ORs) associated with the GT and GG genotypes, considering the TT genotype as the reference group, were computed by conditional logistic regression. No excess risk of BI was associated with the heterozygous GT genotype in the whole sample or in any subtype. ORs were therefore computed assuming a recessive model, by comparing the frequency of the GG genotype in cases and controls with the frequency of GTϩTT genotypes pooled together; the statistical validity of this approach was tested with a collapsibility test. 17 Our analyses concerned the whole study group and were subsequently stratified according to the main BI subtypes (atherothrombotic, lacunar, cardioembolic strokes, and strokes of unknown cause); in each stratum, cases were compared with matched controls by conditional logistic regression. Analyses concerning strokes of undetermined cause are not reported, because this is by definition a highly heterogeneous group. We also report analyses restricted to cases and matched controls both free of previous cardiovascular or cerebrovascular history.
Multiplicative first-order terms were introduced into the models to test for an interaction between the GG genotype and LDL level (defined as a continuous variable). 18 ORs according to tertiles of the LDL distribution and the genotype are presented for an easier and more meaningful presentation of the results. Analyses concerning LDL were adjusted for use of lipid-lowering therapy; because LDL decreased with blood sample delay in cases and in controls (Pearson correlation coefficient, Ϫ0.08; Pϭ0.05) and because median (range) blood sample delay was lower in cases (5 days, 0 to 61 days) than in controls (6 days, 0 to 80 days; Pϭ0.001), analyses concerning LDL were also adjusted for blood sample delay. Because of its skewed distribution, a logarithmic transformation of the blood sample delay variable was used.
Statistical testing was done at the 2-tailed Pϭ0.05 level. Data were analyzed with the SAS package. 19 The research protocol was approved by the ethics committee of Hôpital Cochin, and all subjects signed informed consent forms.
Results
Among the 510 cases and 510 controls included in the study, DNA could be extracted and amplified for 474 cases (92.9%) and 491 controls (96.3%), corresponding to 460 matched pairs. The characteristics of the study subjects are shown in Table 1 ; the distribution of BI subtypes is shown in Table 2 .
Distributions of genotypes of the Glu298Asp polymorphism in cases and controls and allele frequencies are shown in Table 3 , overall and according to subtypes. Among controls, there were no differences in the frequency of genotypes according to the main hospitalization departments (Pϭ0.7, data not shown). The distribution of genotypes was
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significantly different between cases and controls (Pϭ0.008). A significant difference (PϽ0.03) in the distributions of genotypes was also observed when analyses were restricted to pairs of cases and matched controls both free of previous cardiovascular and cerebrovascular history (cases: 50.0% GG, 40.1% GT, 9.9% TT; controls: 36.0% GG, 50.8% GT,
13.2% TT).
In the whole study group and in each subtype, the GG genotype and the G allele were more frequent in cases than in controls. Considering TT carriers as the reference group, ORs for BI were 1.57 (95% CI, 1.00 to 2.50) for GG carriers and 0.90 (95% CI, 0.57 to 1.41) for GT carriers. Analyses restricted to cases and matched controls both free of cardiovascular and cerebrovascular history yielded similar results (GG: OR, 1.85; 95% CI, 1.04 to 3.29; GT: OR, 1.08; 95% CI, 0.61 to 1.90).
Because GT carriers were not at increased risk of BI (collapsibility test, Pϭ0.90), ORs associated with the GG genotype were therefore computed with GTϩTT carriers considered as the reference group (Table 3) . We found a significant overall association between BI and the GG genotype (PϽ0.001); according to subtypes, this association was significant in lacunar strokes (Pϭ0.02), and a borderline association was found in strokes of unknown cause (Pϭ0.08). Analyses adjusted for cardiovascular history or analyses restricted to cases and controls free of cardiovascular or cerebrovascular history yielded similar results, except for strokes of unknown cause, in which the association reached significance. When analyses were restricted to 274 subjects with known stroke etiology and matched controls, we obtained similar findings (OR, 1.57; 95% CI, 1.10 to 2.23).
The relations between several variables and the genotype were studied separately in cases and controls. There were no significant associations between the genotype and hypertension, smoking, diabetes, or total/LDL cholesterol levels either in cases or in controls (data not shown). After adjustment for these risk factors, the association with the ecNOS polymorphism was not modified overall (OR, 1.45; 95% CI, 1.06 to 1.98), in lacunar strokes (OR, 2.14; 95% CI, 1.00 to 4.82), or in strokes of unknown cause (OR, 1.67; 95% CI, 0.86 to 
Discussion
Our findings suggest that homozygosity for the G allele of the Glu298Asp polymorphism in the ecNOS gene is associated with BI, and in particular with lacunar stroke. Our results also suggest a gene-environment interaction model in which genetic susceptibility and LDL cholesterol have a synergistic relation. Recently, Philip et al 20 showed that enhanced vascular responsiveness was associated with the Asp allele of the polymorphism; the authors concluded that although this finding does not strictly prove the functionality of the polymorphism, subjects carrying this allele may have a lower production of NO. Alternatively, this association may reflect linkage disequilibrium between this polymorphism and another functional variant.
The main strengths of this study are the inclusion of a large sample of BI patients and the careful categorization of cases into subtypes. Indeed, BI can result from very different causes. If genetic susceptibility factors do play a role, their effect, or at least their strength, may be different from one cause to another; thus, genetic studies of BI should allow analyses according to subtypes.
We found a significant association between the polymorphism and BI. Among subtypes, this relation was significant in lacunar strokes. Although there is still much contro- versy concerning their cause, lacunae are believed to result from the occlusion of small penetrating arteries as a consequence of lipohyalinosis, 21 which is associated with wall thickening, lipid deposition, VSMC degeneration, deposition of extracellular matrix collagen, and enhanced vascular permeability with extravasation of plasma proteins. 22, 23 The mutant allele of the T(Ϫ786)C polymorphism in the promoter of the ecNOS gene (which is associated with a reduced promoter activity and endothelial synthesis of NO) and the Asp allele of the Glu298Asp polymorphism predispose to coronary spasm in the Japanese population. 12, 24 Conversely, myocardial infarction and atherosclerotic coronary artery disease severity are associated with the a allele of the 27-bp repeat polymorphism in intron 4 of the ecNOS gene. 9, 10 Using complex segregation analysis, Wang et al 14 showed that homozygotes for this allele had significantly higher levels of circulating NO x ; this finding was confirmed in a sample of unrelated individuals. 13 Although the hemodynamic consequences of NO deficit are likely to be responsible for the association between the ecNOS gene and coronary spasm, an explanation for the association between myocardial infarction or coronary artery disease and the ecNOS gene is likely to be more complex. Adachi and Wang 13 hypothesized that the association between the a allele of the intron 4 polymorphism and myocardial infarction may be explained by the oxidative role of NO. NO reacts with superoxide to generate peroxynitrite, a powerful oxidant known to be highly cytotoxic. 4, 25 This may provide a clue to understanding the association we have observed. In addition, peroxynitrite increases lipid oxidation, and oxidized LDL plays a central role in the oxidative theory of atherosclerosis. 26 In this study, there was an association between lacunar strokes and LDL cholesterol level, and our findings suggested that the polymorphism and LDL cholesterol may interact in determining the risk of BI. Lüscher and Noll 27 recently hypothesized that carriers of ecNOS mutations with hyperlipidemia may show more pronounced vascular alterations than those without. The interaction between LDL cholesterol and the polymorphism was tested in view of the complex relations between lipids and NO reviewed in detail by Wever et al. 7 Evidence for geneenvironment interaction was restricted to the lacunar group and was based on a small number of subjects. Further studies on the relation between lacunar strokes, oxidized LDL, and NO and based on larger samples are needed. Wang et al 9 reported that smoking and the intron 4 polymorphism may interact in determining coronary heart disease severity; although our data may suggest a trend toward an interaction among lacunar strokes, it was not statistically significant at the traditional Pϭ0.05 level. Two studies did not find a significant association between BI and the Glu298Asp polymorphism. 28, 29 However, their results are interesting to discuss in view of our own results. Markus et al 28 found that the frequency of the GG genotype (nn in their study) was higher in 75 lacunar cases (42.7%) than in other subtypes (all other subtypes, nϭ286: 33.2%; Pϭ0.13); in the study by MacLeod et al, 29 the G allele was also more frequent in cases (69.7%) than in controls (65.0%), but this difference was significant only at the Pϭ0.08 level. There are some methodological differences between these studies and ours. First, our study included the largest number of cases, especially of lacunar stroke, yielding increased statistical power compared with the other studies, and analyses restricted to cases and controls free of cardiovascular history were performed. Second, we included cases with infarcts proven by MRI for whom we used a systematic and complete diagnostic workout; analyses according to subtypes were not reported in one study. 29 The polymorphism was not associated with atherothrombotic stroke, the presence of plaques at the carotid bifurcation, or intima-media thickness (data not shown). GG frequency was slightly higher in cases with atherothrombotic stroke than in matched controls, without reaching statistical significance. If we used a different cutoff for carotid stenosis (Ͼ70%) to define atherothrombotic stroke, similar results were observed (OR, 1.46; 95% CI, 0.77 to 2.77). We cannot rule out that the sample size of this subtype provided insufficient power to detect a modest effect of ecNOS, in particular compared with the effect of other risk factors. However, when the latter were introduced in multivariate models, the strength of the association was reduced, suggesting that the polymorphism was not an independent risk factor.
In patients with BI of unknown cause, we found a significant association for those free of previous vascular history. Nevertheless, because this is likely to represent a heterogeneous group of patients, further speculations about this association are not warranted.
Allelic association studies may suffer from survival bias if they include prevalent cases and if survival is related to the gene under investigation. We included cases in the week after the event. Early case fatality rates in BI are rather low, in particular in lacunar strokes, in which they are close to null. 30 Thus, we do not believe that survival bias is likely to account for these results. In addition, to lessen the risk of stratification population bias, we included only subjects of Caucasian origin.
To study BI genetic susceptibility, other study designs may be considered. Sib-pair analyses can detect linkage and provide stronger evidence in support of causality; their feasibility is difficult to evaluate in the context of BI, because there is little knowledge about recurrence risks of BI among siblings. A recent study showed no significant association between stroke (ischemic and hemorrhagic combined) in probands and their siblings; however, the number of probands with stroke who had an affected sibling was small, which led to lack of statistical power. 31 Family-based tests that use information from parents (eg, transmission disequilibrium test) can detect linkage in the presence of association and are not prone to population stratification bias. 32 They are likely to be difficult to use in this context, however, because BI affects primarily older individuals whose parents are often deceased. A sib-transmission/disequilibrium test, 33 which uses information from affected and unaffected sibs, has been proposed for late-onset diseases; it is less powerful, however, than the transmission/disequilibrium test or case-control studies.
In conclusion, we have identified an association between BI, and in particular lacunar stroke, and the Glu298Asp polymorphism in the ecNOS gene. Our data are consistent with a gene-environment interaction model in which genetic susceptibility and LDL cholesterol have a synergistic relation. These results should be replicated in a larger sample of lacunar strokes, and the functionality of the Glu298Asp polymorphism should be investigated. Further studies focused on the metabolism of NO in lacunae may help us to understand the cause of the arteriolopathy underlying lacunae and may open future perspectives for lacunar stroke treatment and prevention. Finally, because stroke is likely to be a multifactorial disease, several genes with weak or moderate effects are likely to be involved, and other candidate genes should also be investigated.
